Cementum and the incremental markings it contains have been widely studied as a means of ageing animals and retrieving information about diet and nutrition. The distribution of trace elements in great ape and fossil hominin cementum has not been studied previously. Synchrotron X-ray fluorescence (SXRF) enables rapid scanning of large tissue areas with high resolution of elemental distributions. First, we used SXRF to map calcium, phosphorus, strontium and zinc distributions in great ape dentine and cementum. At higher resolution, we compared zinc and strontium distributions in cellular and acellular cementum in regions where clear incremental markings were expressed. We then mapped trace element distributions in fossil hominin dentine and cementum from the 1.55-1.65 million year old site of Koobi Fora, Kenya. Zinc, in particular, is a precise marker of cementum increments in great apes, and is retained in fossil hominin cementum, but does not correspond well with the more diffuse fluctuations observed in strontium distribution. Cementum is unusual among mineralized tissues in retaining so much zinc. This is known to reduce the acid solubility of hydroxyapatite and so may confer resistance to resorption by osteoclasts in the dynamic remodelling environment of the periodontal ligament and alveolar bone.
Introduction
Teeth consist of a dentine core that contains a central pulp, or nerve, chamber. An enamel cap covers the crown of the dentine core and a thin layer of cementum covers the dentine root surface (figure 1). Cementum is an integral component of the periodontium, the structures that support, suspend and protect the tooth in its bony socket [1] . The periodontal ligament (PDL) contains principal collagen fibre bundles that run between the alveolar bone and the tooth root surface, forming a ligamentous hammock-like attachment known as gomphosis. The alveolar bone and PDL actively turn over and remodel throughout life as teeth erupt and move, but the cementum covering the tooth root surface does not [2] [3] [4] . As layers of cementum are mineralized over the root surface, the extrinsic collagen fibres of the PDL become embedded within it where they are known as Sharpey's fibres (figure 1). The environmental interface between the PDL and cementum surface must prevent the PDL from mineralizing and control the rate and extent of cementum formation [5] . Cementum also resists resorption more than alveolar bone when, for example, teeth move in response to pressure, such as during orthodontic treatment [6, 7] . Root dentine not covered with cementum tends to undergo resorption [8] . New layers of cementum are added in a regular incremental manner (figure 1) and act as a barrier to limit the downgrowth of gingival epithelium and resulting loss of PDL attachment [9] . Each layer also sequesters a rich matrix of growth factors that can be released to induce PDL regeneration when needed [9, 10] .
In cementum forming over the first-formed two-thirds of the root, mineralized Sharpey's fibres cover as much as 100% of the cementum surface, but their cores may remain unmineralized [11] . In the last-formed cementum around the root apex, Sharpey's fibres occupy only 40-60% of the cementum surface [11] . Where there is space between the larger Sharpey's fibres (3-12 mm diameter), smaller intrinsic collagen fibres (1-2 mm diameter) formed by cementoblasts weave between them running parallel to the root surface [6, 12] . Cementum around the root apex starts to form after the time a tooth reaches functional occlusion [13] . It responds to tooth movement such as tipping and eruption as the tooth crown wears away by laying down layers of cementum in a compensatory way [4, 14, 15] . Rates of apical cementum formation are typically greater, which together with the multipolar nature of the cementoblasts in this region that can secrete matrix on any aspect, is thought to result in cementoblasts becoming incorporated into the growing apical cellular cementum.
Incremental markings in cementum
The nature of the incremental markings in both acellular cementum and cellular cementum is complicated. Demineralized and stained thin sections of cementum (see fig. 11 .2 and 11.13 in [7] ) demonstrate that even the unmineralized organic cementum matrix contains incremental markings visible within it. Biglycan is associated with incremental markings in cellular cementum and along with other glycosaminoglycans (decorin, lumican and versican) is associated with cellular but not acellular cementum growth [9, 16] . Cementoblasts forming acellular cementum exert much stricter regulation of local inorganic pyrophosphate levels than cementoblasts forming cellular cementum, which has a profound influence on rates of mineralization [5] . There is growing evidence that acellular cementum and cellular cementum may be formed from different cementocyte populations of different origins with different phenotypes [7, 8, 13] . Cementoblasts forming acellular cementum derived from, or influenced by, the epithelial root sheath express, for example, cytokeratin but not osteocalcin, parathormone receptors, TGF-beta and IGF, whereas the reverse is true of cementoblasts of possible mesenchymal origin forming cellular cementum [7, 13] .
The principal inorganic component of cementum is hydroxyapatite and represents approximately 65% of its wet weight. The crystals in cementum measure 55 nm wide by 8 nm thick [7] although tricalcium phosphate, octacalcium phosphate and carbonated hydroxyapatite (of type B substitution, see [17] ) are also present [18, 19] . Alternating light and dark bands (about 2.5 mm thick [12] ) seen in undemineralized ground sections of teeth in transmitted light microscopy (TLM) correspond with alternating levels of mineralization. Dark bands are thought to correspond with slower forming cementum, and light bands with faster forming cementum, but which bands are more or less mineralized remains unclear [15, [18] [19] [20] . Using Raman polarized acquisitions, Colard et al. [18] have also observed better aligned collagen fibres within dark bands than in light bands, with mineral crystals always lying parallel to the collagen fibres. Lieberman [15] suggested that nutritional status determines the rate of acellular cementum formation and also that changes to the magnitude and frequency of chewing forces underlie shifts in the orientation of the principal collagen fibres within the PDL that, in turn, determine the angle at which Sharpey's fibres become embedded within forming cementum [21] . Some or many of these aspects of cementum microstructure may be preserved in fossil teeth, as they are in fossil bone [22] , and so potentially provide information about the diet and lifespan of extinct taxa.
Trace elements in cementum
Small amounts of Na and Mg are found in cementum but F levels are higher than in any of the other mineralized tissues Figure 1 . The tissue components of a tooth and periodontium showing the location of acellular (ac) and cellular cementum (cc) on the surface of the root dentine (d). Red arrows within boxes show the direction of extrinsic fibres, more prominent in (cc), also known as Sharpey's fibres. Bright incremental markings in both (ac) and (cc) run near-vertically. (Online version in colour.) [7] . Both barium and strontium are incorporated into growing tooth tissues, but Ba levels are much lower [23 -25] and typically less than 10 ppm rather than approximately 200 ppm for Sr. Recently, enriched regions of Ba in orangutan teeth have been linked to concentrated levels in breast milk and Ba released from the maternal skeleton during periods of nutritional stress [23] . Strontium on the other hand is depleted in breast milk [24, 25] , but is known to mirror both background environmental levels and diet [26 -28] . Strontium concentrations are higher in cementum (158 ppm) than in dentine [29] . As cementum continues to grow incrementally over a lifetime, the distribution of Sr in great ape teeth may yet provide chronological information about diet, geographical location and even late nursing history. Nursing history and diet are extremely diverse among living great apes, especially between gorillas and orangutans in their natural habitats [23] .
A number of studies have identified zinc in bone and dental tissues [19, 22, [28] [29] [30] [31] [32] [33] [34] [35] . Overall, cementum is zinc-rich (407 ppm) compared with dentine and bone [34] . Slowforming peritubular dentine is also zinc-rich [36, 37] as is the forming mineral front in bone [32] , which has prompted suggestions that Zn is elevated where mineralization is active and also that high levels at the mineralizing front itself may only be transient [37] . On this basis, it has been predicted that Zn will be strongly concentrated at the cementum surface in all vertebrates with apatitic teeth [30] . Besides cementum, high Zn levels have been demonstrated in slow-growing secondary dentine surrounding the pulp chamber [29] [30] [31] , but it is not clear in either cementum or dentine if Zn substitutes largely for Ca in the hydroxyapatite lattice or is, to some extent, also retained in the non-collagenous protein matrix or both [37] . In a study of faster growing cellular cementum in Beluga whale teeth [30] , Zn was found to be the most sensitive indicator of changes in mineralization. Peaks in Zn and Ca fluorescence intensity and in the carbonated hydroxyapatite diffraction intensity occurred together and corresponded with the bright bands visible in TLM. The same observations have been made in slower growing acellular cementum in human, reindeer, red deer and bovid cementum [19] . Indeed, it has been suggested that Zn may provide a more reliable way of visualizing cementum growth increments than TLM [30] . However, while there is some evidence for this in human, reindeer, red deer, bovid and Beluga whale cementum, there have been no studies of acellular or cellular cementum microstructure and chemistry in living great apes, nor has cementum microanatomy been routinely employed in the studies of human evolution in the way it has in archaeology.
In this study, we first mapped the general distribution of Sr and Zn at low resolution in Pan, Gorilla and Pongo incisors that grow for approximately 10 years and then mapped Ca, P, Sr and Zn in a region expressing especially well-defined acellular cementum increments in TLM. In this way, any commonalities between those already reported in humans and other animals could be established. We then studied two regions of regular faster formed compensatory acellular cementum, which again expressed clear incremental markings in TLM, to describe Sr, Ca, P and Zn distribution in the same specimens and to document their relationship to incremental growth markings at a greater resolution. Finally, we mapped the distribution of trace elements in a fossil hominin tooth root to investigate the effects of diagenesis and assess the potential for including cementum microanatomy and chemistry in future studies of human evolution.
Materials
It is a feature of humans, great apes and fossil hominins with relatively long lifespans that with increasing age anterior teeth rotate or tip in a compensatory way in response to crown wear and/or continued eruption of the tooth and changing tongue and lip pressure [14, 38] . Thick deposits of compensatory cellular cementum then often form on the lingual aspects of the tooth root apex. First, four old worn great ape central incisors from three individuals in the Elliot Smith Research Collection housed at University College London were chosen for this study: (Pongo, female, UCL-JS3-CA-28-UI1; Gorilla, male, UCL-CA1G-1474-UI1; Pan, female UCL-CA-14E-LI1 and UI1). These specimens were collected in the 1920s and were originally free-living in their natural habitats. Then a 1.55-1.65 million year old fossil hominin canine root attributed to Paranthropus boisei (KNM-ER 1817, from Koobi Fora, Kenya, [39] [40] [41] ) with thick regularly formed apical compensatory cellular cementum was chosen.
Methods

Sample preparation
Teeth were sectioned longitudinally with a low-speed diamond saw (Buehler IsoMet). One cut face was polished using a graded series of abrasive papers and finished with 3 mm aluminium polishing powder and deionized water on a polishing pad. This polished surface was cleaned in an ultrasonic bath, dried and then fixed to a 1 mm glass slide with zero-bond epoxy resin (Huntsman Araldite 2020) under pressure for 48 h. A further cut was then made parallel with the glass slide and tooth block leaving a 300-400 mm thick longitudinal tooth section attached to the slide. This was then ground and lapped to between 80 and 100 mm and polished and mounted using DPX (distyrene, phthalate plasticizer and xylene) for TLM. Laser confocal micrographs and TLM micrographs were first made of regions of interest in the cellular cementum of the great ape specimens where incremental markings were well expressed and in KNM-ER 1817 where there was particularly good preservation of cementocyte lacunae and Sharpey's fibres. In this latter case, a z-series of 75 individual confocal slices, each 0.2 mm thick, was averaged to depict one small area of cellular cementum with greater depth of field at high power (Â50 objective). Following this, the great ape ground sections were then unmounted, by soaking in dimethylformamide for 2-3 days. Each thin section was then floated off the slide, cleaned dried and secured onto 50 mm thick kapton polyimide film strips with double-sided adhesive tape and mounted onto steel sample holders, centrally aligned within the SXRF scanning window. Care was taken to mount all plane-parallel polished samples perfectly flat on the sample holder to ensure true focus over the whole section. The ground section of KNM-ER 1817 was judged too fragile to remove from the glass slide and so only the glass coverslip and DPX mounting medium was removed by soaking in xylene. The specimen was then mounted directly onto the steel sample holder still attached to the glass slide.
Synchrotron X-ray fluorescence and diffraction set-up
Experiments were performed on the Beamline P06 [42] , Petra III, at DESY (Deutsches Elektronen-Synchrotron), Hamburg, Germany. The storage ring was operated in 40-bunch mode using top-up filling mode with a current of 100 mA + 0.5 mA. The primary X-ray beam was monochromatized to 17.0 keV using a double crystal Si111 monochromator and focused using a Kirkpatrick-Baez rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20170626 (KB) mirror system (JTEC, Japan) to the size of 0.5 Â 0.5 mm.
The focused X-ray beam decreases the background signal, thus improving trace element sensitivity, in combination with a low radiation dose [43] . The set-up comprises an Eiger X 4M Detector (Dectris Ltd.) and a Maia detector system [44] which allows for large area synchrotron X-ray fluorescence (SXRF) imaging with a sub-micrometer resolution using millisecond dwell times [45] . The Maia detector is ideally used in 1808 or 'backscatter' geometry for thin samples (approx. 100 mm thick in this study). The sample is placed at an angle of 908 to the incident X-ray beam, beyond the Maia detector; figure 2 in [43] . This allows for the simultaneous acquisition of X-ray diffraction (SXRD) data using a photon counting detector, the Eiger X 4M (Dectris Ltd.). The sample to detector distance used for diffraction pattern collection is 133.5 mm. The Maia Si detector wafer comprises 384 1 mm 2 diode elements arranged in a 20 Â 20 array, with 4 Â 4 elements missing in the centre of the detector and forming a hole to allow the incident beam to pass through. These dimensions, combined with close sample position, result in the detector wafer subtending a sample solid angle of approximately 1.3 sr. Data are acquired in 'flyscanning' mode by continuously moving the sample. Owing to the short dwell times, dose deposition is kept to a minimum. The sample holder supporting the sample is fixed on the sample stage using a kinematic mount (Newport). Elements of primary interest were Ca, P, Sr and Zn; therefore, the primary energy of 17 keV was chosen, sufficient to excite the Sr K-shell but not the Mo mask in the Maia detector. Spectral analysis, deconvolution and initial image analysis of the fluorescence data were performed using GeoPIXE 7.4f. Elemental distribution maps were normalized using the incoming X-ray flux. SXRF concentrations are reported as ppm (by weight). The SXRD data have been evaluated using the software developed in-house based on the PyFAI library [46] .
Data acquisition
Low-resolution overview scans of whole hemi (buccal) incisor tooth roots were first acquired with a resolution of 25 mm, and an integration time of 25 ms. Scans of the lingual half of the root (dentine and part of the pulp cavity) and cementum were made for each of the four great ape teeth and of the preserved distal root portion of the KNM-ER 1817 canine. Three specific regions of interest, identified with TLM as having exceptionally welldefined incremental markings, were then scanned at higher resolution to visualize fine cementum microstructures. This was done at either 1 or 5 mm resolution and 10 or 25 ms of integration time according to a trade-off between scan-area and scan-time for each field of view. Region 1 was of acellular cementum in the mid-root of Pongo, UCL-JS3-CA-28-UI1 (green bounding box, figure 2a). Region 2 was of regular compensatory cellular cementum at the apex of Pan UCL-CA-14E, UI1 (both regions at 5 mm). Region 3 was also of regular compensatory cellular cementum but in an opposing tooth from the same individual at the apex of Pan UCL-CA-14E, LI1 and was scanned at 1 mm resolution where incremental lines were maximally spaced apart. Regions 2 and 3 were both on the lingual aspects of the Pan incisor teeth UCL-CA-14E UI1 and UCL-CA-14E-LI1 and so are not shown in figure 2. There were no regions within the Gorilla cementum with especially well-defined incremental growth markings.
Results
Overview maps (resolution: 25 mm) showing Sr and Zn distributions within the buccal incisor root dentine and cementum are shown in figure 2 . In all cases, the growing roots have incorporated Sr into both primary and secondary dentine in a pattern that follows the incremental root dentine growth lines. However, the concentration of Sr varies greatly. There are alternating but irregularly distributed regions of Sr depletion and Sr enrichment within each root. Zn distribution is different and largely limited to the slow-formed secondary dentine surrounding the pulp chamber and to the cementum on the root surface.
Region 1; acellular cementum in the mid-root of Pongo, UCL-JS3-CA-28-UI1
Acellular cementum (figure 3) appears generally to be more mineralized than dentine. There is very little evidence of a gradient in Ca, Sr, Zn or P concentration between the cementum-dentine junction (CDJ) and the cementum surface in this region. Calcium concentration remains almost constant at 300 000 ppm and P at 150 000 ppm through the whole thickness of the cementum (figure 3e). Sharpey's fibres within acellular cementum are also especially well distinguished in the Ca map by their hypocalcified cores running at right angles from the CDJ to the cementum surface. Incremental markings are visible in the Ca map running parallel with the cementum surface and CDJ and measure 2-3 mm in width. These markings are faint in the P map, which appears almost uniform and homogeneous in concentration across both dentine and cementum. Zinc occurs at highest concentration at the cementum surface (greater than 2000 ppm but truncated in figure 3 at 450 ppm) and has a clear incremental distribution. Sr is also distributed in an incremental manner. In general, there is poor correspondence between the minor fluctuations in Sr and Zn concentration and as far as can be resolved with Ca concentration. In excess of 25 incremental lines could be counted within the acellular cementum of this specimen.
4.2. Region 2; cellular cementum at the apex of Pan UCL-CA-14E, UI1
In figure 4d, the green bar over the Zn map depicts the plane orthogonal to the incremental markings of the concentration plots. As in Region 1, cellular cementum is not well distinguished from dentine by Ca concentration at the CDJ ( figure 4a ). There is a gradual Ca gradient from the CDJ (approx. 220 000 ppm) to the cementum surface to 250 000 ppm, but overall these values are slightly less than those (275 000 ppm) in the acellular cementum of Pongo, UCL-JS3-CA-28_UI1 (figure 3e). There is, however, less evidence of an accompanying gradient in P concentration across cellular cementum in Region 2 that remains constant at approximately 130 000 ppm (figure 4g). Zinc concentration shows a marked rise from approximately 75 ppm in dentine to approximately 150 ppm in cementum at the CDJ. However, Sr concentration fluctuates around approximately 225 ppm throughout. Clear regions of Sr enrichment and depletion exist in dentine and are distributed according to the incremental growth pattern of forming dentine. The cementum surface in this specimen appears both Sr-and Zn-rich with respect to the cementum generally. Peaks and troughs of Sr and Zn figure 5b . With more widely spaced incremental markings and at higher resolution (1 mm), it is possible to better define the elemental contributions to the incremental markings visible in TLM. The TLM (figure 5a) shows regular incremental bright lines in the cellular cementum of this specimen (see also electronic supplementary material, figures S1-S6). These appear to have less well-defined Sharpey's fibres within them, perhaps reflecting greater mineral content. Cementocyte lacunae and unmineralized, or hypomineralized, Sharpey's fibres are most easily visible in the Ca, P and Sr maps. Sharpey's fibres follow a sinuous course through the cellular cementum with some tending to change direction as they cross an incremental marking. Calcium concentration shows a slight peak at the CDJ (lower white arrows in figure 5a-e), but there is less of a general gradient through the cellular cementum than in Region 2 (figure 4). Each incremental marking is associated with a slight rise in Ca concentration. Phosphorus concentration is more variable at approximately 115 000 ppm, slightly lower (approx. 130 000 ppm) than in cellular cementum sampled in Region 2 (figure 4b) in the upper incisor, but from the same dentition, of Pan UCL-CA-14E. The P map shows only faint evidence of any incremental distribution (figure 5c). The bright lines in the TLM correspond closely with higher Zn concentrations (two examples are illustrated with white arrows in figure 5a-e; see also electronic supplementary material, figures S1-S6). Zinc concentration fluctuates incrementally between 160 000 and 300 000 ppm across the cementum. Zinc increments are fine, precise and well defined (figure 5e). Where Sr concentrations are high, they also correspond well with bright lines in the TLM, but are more diffuse and sometimes span one or two cementum increments. While peaks in Zn concentration sometimes correspond with marked peaks in Sr concentration (figure 5f), there is generally poor correspondence between them. Zinc appears to be the best trace element proxy for the bright incremental markings visible in TLM [19, 30] . Twenty-five to 30 wider spaced cementum increments can be counted between the CDJ and the cementum surface in this Region 3. Notably, in both TLM and SXRF Ca, Zn and Sr maps of cellular cementum there are additional finer closely spaced second-order regular incremental markings between the more widely spaced increments. Where they can be counted there are approximately 12 between adjacent wider spaced cementum increments (figure 5a and b).
Fossil dentine and cementum in KNM-ER 1817
The TLM of the fossil canine root section (KNM-ER 1817) reveals good preservation of the dentine and cementum microstructure. Laser confocal images of the region depicted by the red box in figure 6a show empty air-filled spaces representing the unmineralized cores of Sharpey's fibres and cementocyte lacunae (backscattered light appears bright in the image). The incremental bands are not well defined, but there is evidence for changing orientation of the Sharpey's fibres as they run a sinuous course across them. At higher power, cementocyte canaliculi can be imaged among the Sharpey's fibres with some suggestion of interconnections between them (figure 6c). The diagenetic changes in this fossil include very high concentrations of Ca (approx. 400 000 ppm) where the cementum and dentine are now hypercalcified (figures 7 and 8). The pulp cavity, PDL space and cracks have become filled with calcite where Ca concentration reaches greater than 450 000 ppm. The Fe distribution map also suggests surfaces, probably exposed to ground water, have accumulated greater concentrations of iron. Strontium in this tooth is more uniformly distributed in the cementum and dentine and appears to have risen in concentration in dentine and cementum to approximately 3000 to 4000 ppm in concert with Ca increase suggesting that any prior regions of relative Sr enrichment or depletion are now smothered and overprinted by Sr influx (figures 8 and 9 ). Figure 7e shows the distribution of apatite determined here by SXRD. Previous studies of this specimen have shown that while fluorapatite certainly substitutes for hydroxyapatite, some biological apatite remains, more in bone and dentine than in cementum [39, 40] . Zinc concentration, however, remains distributed as it might have been in life at approximately 140 ppm, confined to the cementum and secondary dentine suggesting that Zn has not been lost or substituted and that some at least remains stable within the apatite lattice. Within cementum, Zn still distributes incrementally (figures 8 and 9) and 20-25 incremental markings can be counted in some places.
Discussion
The low power distribution maps of Zn in Pongo, Gorilla and Pan incisors (figure 2) demonstrate that Zn levels are higher in slow-formed secondary dentine surrounding the pulp and in cementum covering the root surface. This confirms the findings of previous studies in humans and other animals [29] [30] [31] 34] . The distribution maps for Sr in dentine and cementum (figure 2) also build on previous findings for modern humans [29] . Barium was not detected in this study, more than likely because the primary energy used of 17.0 keV was too low to excite electrons belonging to the Ba K-shell (Ka ¼ 32.194 keV). However, all four great ape incisors show evidence of strong alternating regions of Sr depletion and enrichment that follow the growth pattern of the dentine over approximately 10 years (figure 2a-e). Strontium levels in mineralized hard tissues are thought to mirror physiological levels in tissue fluid [22, 25] , which in turn reflects geographical and geological location [26, 27] and dietary intake, especially because some plants, nuts and fruits (and seafood) concentrate Sr [47] and perhaps because dust from soil on vegetation and foodstuffs can vary between seasons. Strontium concentrations also depend upon the degree to which a cascade of metabolic processes discriminate against or favour Sr relative to Ca [25] . Specifically, Sr is excluded from breast milk [24, 25] and breast-feeding finishes long before 10 years of age in Gorilla and Pan when all incisor roots are completed but does continue for greater than 8 years in Pongo [23] and so cannot, in Pongo, be discounted as an explanation for some regions of Sr depletion in incisor root dentine. These regions, however, would presumably coincide with regions of Ba enrichment [23] . It seems more likely, however, that fluctuation in Sr levels in great ape dentine and cementum would result from seasonal fluctuations in diet. That cementum potentially preserves a record of this over period of up to 20 or 30 years is significant for future retrospective studies of primate life history. Acellular cementum in Region 1 from the mid-root region of the Pongo incisor (figure 3) again confirms the findings reported for acellular cementum in humans and other animals. The Ca, Zn and Sr maps all show evidence of incremental growth layers although the degree of correspondence between the peak concentrations of each element is poor. Both the maps for Zn together with the concentration plots for Zn (figures 3 and 4) confirm the prediction that Zn levels will be highest at the cementum surface where there was active ongoing mineralization [30] .
Closer direct contact with extracellular fluid [31] may not, however, be enough to explain the presence and distribution of Zn in cementum. In bone, Zn stimulates osteoblast proliferation, collagen synthesis and alkaline phosphatase activity [48] and the highest concentrations of Zn have been localized to growing Haversian bone surfaces where it co-distributes with alkaline phosphatase [32] . Alkaline phosphatase itself contains Zn and in cementum is involved in the tight regulation of cementum mineralization by hydrolysing inorganic pyrophosphate (a potent inhibitor of hydroxyapatite formation). The presence of pyrophosphate is also one factor that ensures the PDL remains unmineralized [5] . Cementoblasts also regulate the thickness of cementum formed by controlling the transport of pyrophosphate from the intra to the extracellular space through a protein (progressive ankylosis protein) but much more tightly in acellular cementum than in cellular cementum [5, 49] . Zinc-rich layers in cementum may then reflect either the initiation of bouts of mineralization and/or proliferation and initiation of cementoblast secretory activity, or alternatively, regions of slower mineralization where a greater amount of Zn from all sources is able to exchange with Ca over time.
Phosphorus concentrations in the acellular and cellular cementum (figures 3-5) studied here are remarkably constant and show little sign of incremental deposition. One reason for this may be that P exists not only in the hydroxyapatite component of dentine and cementum but also in their organic components whose distribution may be more homogeneous. Moreover, the ratio of P to Ca differs in hydroxyapatite, calcium triphosphate and calcium octaphosphate each of which exist in cementum and dentine, as does amorphous Ca that might accumulate with age [17, 18] . Here, we show that Ca and P concentrations do not always covary in the same proportions in acellular and cellular cementum (figures 3e, 4f and 5g) nor can P concentrations be assumed to track gradients in Ca concentration through cementum.
An advantage of studying regularly formed compensatory cellular cementum in older primates is that it becomes easier to visualize the elemental distribution within incremental markings at higher resolution than in slower forming acellular cementum. Zinc distribution within cellular cementum studied here (figures 4 and 5 and electronic supplementary material, figures S1 and S4), even at the low concentrations expected of trace elements, emerges as the clearest marker of incremental growth [19, 30] . Higher resolution SXRF mapping of cellular cementum in Region 3 has revealed finer, second-order, increments of growth between the wider spaced primary or first-order increments (figure 5). Second-order cementum increments have previously been described in macaque monkeys but where they were more numerous in male than female [50] . However, the Pongo and Pan specimens in this study were both females and as an average of approximately 12 second-order increments can be seen between what may be annular first-order markings, this is perhaps suggestive of a monthly menstrual cycle being expressed in hominid cementum. Small physiological changes in blood pH and core temperature might well, in theory, influence mineralization. Clearly, future studies on modern human and great ape material of known age with well-documented life histories are required to test this hypothesis, which for now remains speculative.
The diagenetic changes to both dentine and cementum of specimen KNM-ER 1817 may be very specific to the fossilization process within the volcanic tuff deposits at Koobi Fora, Kenya. Nonetheless, the retention of Zn in fossil cementum and secondary dentine raises hopes that Zn, as a marker of cementum growth increments, might prove useful in future life history studies of early hominins especially from other fossil locations more favourable to trace element preservation [22] . Iron and calcite distribution on exposed surfaces and within cracks and fissures and even at higher resolution within the Sharpey's fibre spaces and cementocyte lacunae appear not to have penetrated the denser tissues (figures 8 and 9). The preservation of air-filled spaces representing Sharpey's fibre orientation across the cementum layers in this fossil is excellent and suggests there were demonstrable shifts in diet during life [15, 51] . Combining information for Sharpey's fibre orientation with Sr distribution in cementum may, in the future, shed light on how diet and/or geographical relocation changed through life among early fossil hominins.
Zinc as an adaptive component of cementum
Cementum appears to retain unusually high levels of Zn compared with other mineralized tissues where its presence during active mineralization may be more transient [30] . Zinc readily substitutes for calcium in hydroxyapatite and confers greater resistance to acid dissolution [52] [53] [54] [55] [56] [57] . Moreover, where Zn is present at concentrations greater than 107 ppm, and at low pH (approx. 4.0), it is actively involved in a dissolution/ reprecipitation reaction where a new mineral phase (a-hopeite, a-Zn 3 (PO 4 ) 2 .H 2 O) forms on the hydroxyapatite lattice surface, so blocking further demineralization [58] . It follows that the ridges and troughs described from SEM micrographs on etched cementum surfaces ( [15, 59] cited in [60] ) may be a reflection of alternating regions of high and low Zn concentration rather than, necessarily, greater and lesser levels of mineralization generally. It is a property of cementum that it resists resorption in a dynamic environment where the PDL and alveolar bone are constantly remodelling in response to masticatory forces and tooth movements. Zinc inhibits osteoclast cell formation and function [61, 62] and reduces the acid solubility of carbonated hydroxyapatite [52, 53, 58, 63] . Moreover, in the slightly lower pH environment within the PDL that results from local interstitial ischaemia/hypoxia when, for example, consistent pressure is applied to teeth, this triggers osteoclast activity [7, 64] . But, it is alveolar bone that resorbs to enable tooth movement and migration and not cementum. Even when alveolar bone resorbs away around tooth roots leaving them exposed though fenestrations, there is no apparent surface root resorption. Both Zn and, to a lesser extent, Sr substitutions in hydroxyapatite may, along with other factors [6, 7] , have a primary role in protecting tooth root cementum from resorption.
Conclusion
Cementum forms incrementally and accumulates over a lifetime. While Ca and P in hydroxyapatite predominate, trace elements are also incorporated into cementum. In great ape anterior teeth, faster forming regular compensatory cellular cementum resolves finer second-order growth increments and a clear temporal record of Sr and Zn apposition. Changing diet and geographical location may underlie regions of Sr enrichment and depletion, but Zn appears to mark either the initiation of bouts of mineralization, or alternatively, slower periods of cementogenesis. The bright growth lines visible in TLM coincide with peaks in mineral concentration, but Zn lines may prove to be the best proxy for identifying and counting cementum annulations. Diagenetic changes to tooth tissues during fossilization are many and complex [65, 66] , but cementum and secondary dentine still appear to retain Zn that distributes incrementally. Zinc may have an adaptive role in resisting resorption by osteoclasts.
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